Full measurement of the polarization of light at the nanoscale is expected to be crucial in many scientific and technological disciplines. Ideally, such measurements will require miniaturized Stokes polarimeters able to determine polarization nondestructively, locally and in real time. For maximum robustness in measurement, the polarimeters should also operate optimally. Recent approaches making use of plasmonic nanostructures or metasurfaces are not able to fulfil all these requirements simultaneously. Here, we propose and demonstrate a method for subwavelengthfootprint Stokes nanopolarimetry based on spin-orbit interaction of light. The method, which basically consists on a subwavelength scatterer coupled to a (set of) multimode waveguide(s), can fully determine the state of polarization satisfying all the previous features. Remarkably, the nanopolarimetry technique can operate optimally (we design a nanopolarimeter whose polarization basis spans 99.7% of the maximum tetrahedron volume inside the Poincaré sphere) over a broad bandwidth. Although here experimentally demonstrated on a silicon chip at telecom wavelengths, spin-orbit-interaction-based nanopolarimetry is a universal concept to be applied in any wavelength regime or technological platform.
While apparently unrelated, the propagation direction and the polarization of a light beam may be strongly connected via spin-orbit interaction (SOI) of light. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Indeed, SOI is ultimately responsible for the unidirectional propagation of guided waves controlled by the spin of an excitation source. 4, 5 Spin-controlled directional guiding of light has been demonstrated in a wide variety of guiding systems, including metal plates 4 , optical fibers 6 and integrated waveguides. 7, 8 In these systems, SOI takes place when placing a certain emitting (i.e., a quantum dot) or scattering (i.e. a subwavelength scatterer) element that acts as a spin-controlled point-like source in a region where the waveguide mode has a non-negligible local transverse spin. 9 Unlike plane waves (exclusively carrying longitudinal spin), evanescent waves present in guided fields display a strong transverse spin that is locked to their momentum, so spin-controlled directional guiding can be ultimately considered as a manifestation of the quantum spin Hall effect (QSHE) of light. 1, [10] [11] SOI in scatterer-waveguide systems is not limited to the separation of circular polarizations, as considered in previous experiments [4] [5] [6] [7] [8] . Indeed, careful engineering of the scatterer enables sorting linearly polarized photons as long as the incident radiation induces a spinning field in it. 12 In a broad sense, SOI in systems showing spin-momentum locking allows mapping the polarization of a light beam into different amplitudes of guided waves propagating along different optical paths or modes.
This should enable the recovery of the state of polarization (SoP) of the incoming wave, which is fully described by the Stokes vector = ( 0 , 1 , 2 , 3 ) T , as long as a sufficient number of optical paths are measured. Since the scatterer can be much smaller than the wavelength (ultimately a single atom 13 ), SoP would be measured at a local level, thus allowing for detecting the SoP in nanoscale systems as well as in macro-scale wave fronts with spatially-variant polarization. 14, 15 Therefore, SOI may become a key tool in polarimetry at the nanoscale by enabling extreme shrinking -with all its inherent advantages 16 -of polarimeters (nanopolarimetry). Here, we introduce a method for Stokes nanopolarimetry making use of the SOI of light and experimentally demonstrate it at telecom wavelengths on a silicon chip. SOI Stokes nanopolarimetry relies on placing a subwavelength scatterer in the close proximity of one or more multimode waveguides, being the system illuminated from the top by a transverse light beam (see Fig. 1a ). In general, each waveguide port may support several guided modes, forming a total of N port-mode combinations, each of them having different SOI behavior associated to the QSHE 17 . Crucially, SOI allows the power excited onto each port-mode combination to be different according to the incident SoP. We define the effective area of the scatterer eff ( ) as the power scattered into the k-th port-mode combination, divided by the intensity of the incident illumination inc with polarization . Measuring the power on each port-mode combination, we collect them in a real vector . By injecting a proper set of input polarizations (calibration process) we can easily form the polarimetric matrix W so that = • 18 . Then, the full SoP of any input polarization could be retrieved as = −1 • as long as N ≥ 4, so our device performs as a Stokes nanopolarimeter (see the full discussion in the Supporting Information, Section S.2).
In its simplest form, the scatterer is coupled to a single waveguide supporting two propagation directions with (at least) two guided modes each. For instance, the SOI nanopolarimeter may consist in a silicon waveguide designed to support two guided modes (TE-like and TM-like) at the operating wavelength and having a lateral protuberance on it (see Fig. 1b for the specific case of a T-block shaped scatterer). As discussed in the Supporting Information (Section S.3), breaking the mirror symmetry enables SOI and, thus, is essential for the device to perform as a nanopolarimeter. It can be shown that there exists an incident polarization max for each port-mode combination k that maximizes the corresponding effective area eff � max � = max (Supporting Information, Section S.2). Fig. 1b shows the four calculated polarization ellipses corresponding to max + , max − , max + and max − , which maximize the effective area of the TE and TM-like modes propagating on the +x or -x direction on our designed structure, for the specific T-block scatterer at a wavelength = 1569 nm.
When the incident beam carries any one of these polarizations, the amplitude of one of the four components of the measured powers will be maximum. Thus, carries information about the relative amplitude of these four polarization components, from which the original SoP can be reconstructed as explained before. Explicitly, for a normalized incident polarization Jones vector , the power coupled into the k-th port-mode combination is equal to
This can be rewritten as a linear combination of the Stokes parameters of incident light = 1 2 inc max max ⋅ = ⋅ , where will therefore be the k-th row of the polarimetric matrix and max corresponds to the Stokes parameters of the polarization max . This theoretical approach, useful for simulation and design, is derived in the Supporting Information. In the experiment, is obtained through calibration as described below, and therefore will account for unequal waveguide losses and other experimental effects. 19, 20 When the scatterer and the two output ports are mirror symmetric, as the "+" and "-" outputs in our structure and many previous SOI experiments, it follows that the effective areas of opposite outputs of the same mode are equal eff + ( 1 ) = eff − ( 2 ) whenever 1 and 2 are related by the same mirror symmetry. We therefore need to design two polarizations + and + such that, together with their mirror symmetric counterparts − and − form an optimum set of polarizations that maximize the tetrahedron volume. The mathematical description of all optimal cases is provided in the Supporting information, Section S.2. In order to design an optimal nanopolarimeter, we performed numerical simulations starting with a rectangular scatterer whose polarization sorting was not optimal, as shown in Fig. 2a . 12 We then applied a numerical optimization algorithm to finally get a T-block shaped scatterer having a set of polarization states (Fig. 2b) that define a tetrahedron with a volume that is 99.7% of the maximum attainable value, as shown in Fig. 2c . The optimal SOI nanopolarimeter was fabricated using standard Si-fabrication tools (Supporting information, Section S.4) and measured using the experimental set-up depicted in Fig. 3a . The sample was placed vertically, so that two orthogonal paths were created: the "vertical path" is the light scattered by our polarimeter into the integrated waveguides and towards the top edge of the sample, from which the device outputs could be measured using a microscope and a camera. The • . These retrieved polarizations are shown in Fig. 3b . The agreement between the generated polarization (measured externally) and the polarization retrieved after measurement of the output power for each mode is remarkable, even for elliptical polarizations. Figure 3c shows the matrix conditioning number as a function of the wavelength obtained from simulations for both the initial and the optimized nanopolarimeters. It is seen that the optimal polarimeter reaches the minimum attainable condition number 21 = √ − 1 = √3 at λ=1570 nm and performs quasi-optimally on a broad bandwidth (~100 nm). We also retrieved from experiments for the optimal structure (see Fig. 3c ). Although the obtained values (minimum ~ 4) are not so small as for the numerical simulations (which we ascribe mainly to the fabricationinduced rounding of the scatterer, as seen in the SEM image, and to experimental imbalance between outputs, such as unequal propagation losses of the output waveguides), the general spectral shape shows a good qualitative correspondence with the calculated one. Notice that we were able to retrieve the SoP at other wavelengths, even though in this case the nanopolarimeter did not perform optimally (Supporting information, Section S.5). However, in general we observed a better accuracy for smaller values of . In the previous configuration, separation of the TE-like and TM-like guided modes is required to determine the Stokes parameters, which could be done on-chip via modal splitting architectures 22 or by employing polarization filters after light has escaped from the chip (as in our experiments). In order to avoid conversion or filtering processes, other architectures following the general scheme of Fig. 1a could be implemented. For instance, a metallic scatterer asymmetrically deposited on top of a waveguide crossing (see Fig. 5a ) could be employed. In this case, by measuring the total optical power (TM + TE modes) at each of the four output ports (see the SEM image of a fabricated sample in Fig. 5b ) it is possible to retrieve the Stokes parameters of the incoming signal ( Fig. 5c ). Though the performance of the nanopolarimeter shown in Fig. 4 is not optimal, it could be optimized by using the same approach described above. So far, we have focused on fully-polarized, transverse light beams. However, when monitoring processes at the nanoscale, we can usually find partly polarized light as well as beams having a nonnegligible longitudinal field component. Therefore, it makes sense to consider whether SOI polarimetry would work in such important cases. For the case of unpolarized light we should take into account that the lack of polarization will prevent the directional-scattering arising from SOI, so in the symmetric scatterer, light will be equally scattered along the +x and -x directions for each waveguide mode. As a result, we will retrieve S1 = S2 = S3 = 0 and S0 > 0, which means that SOI nanopolarimetry would also work for unpolarized or partially polarized light, as expected from any complete Stokes polarimeter. Concerning light with longitudinal field components, we notice that the guided modes have also components along such direction (Ez) which enable the existence of SOI effects for this component. Therefore, although this kind of measurements falls beyond the Stokes parameters framework, it should also be possible to determine the amplitude and phase of Ez just by adding more paths (ports or modes) to the whole system.
Notice that polarimeters relying upon plasmonic nanoresonators 23, 24 and metasurfaces [25] [26] [27] [28] [29] have been recently demonstrated. Despite their remarkable performance, they use metallic nanostructures with complex shapes, which besides introducing undesired losses, are not typically compatible with standard semiconductor fabrication technologies. More importantly, they do not allow local measurement of the SoP: whilst plasmonic resonators measure distinct polarization components in different places, metasurfaces are based on an extended, collective response of a set of scatterers. In contrast, our device, which is fully fabricated on a silicon chip without metals, makes use of the SOI taking place in a subwavelength scatterer meaning that SoP is detected locally.
Moreover, our nanopolarimeter can be designed to operate optimally, which would reduce the effect of noise and random errors arising during the retrieval process. Notice that recently proposed metasurface-based polarimeters cannot operate optimally since the states they separate always describe a plane in the Poincaré sphere. 26 Since the underlying silicon substrate is transparent at the In summary, we have shown that SOI provides a general method to fully determine the polarization of a light beam locally, non-destructively, optimally and in a single shot. This approach shows a number of advantages such as optimal operation over a broad bandwidth, on-chip implementation in a single lithography step, and suitability for high-speed polarization measurement in an in-line configuration. The SOI Stokes nanopolarimetry method is universal: it can be applied to any frequency regime, being always subwavelength in size, and implemented in any technological platform. Together with the integrated approach for generation of arbitrary polarization states 33 , this nanopolarimeter completes a set of nanophotonic elements for full local polarization management at the nanoscale, unveiling the practical potential of the QSHE of light. 10
Associated content
The theoretical description of the SOI Stokes nanopolarimetry concept together with fabrication and experimental methods as well as associated references are available in the Supporting Information.
